Abstract: Forestry-based carbon sequestration projects demand a comprehensive quantification of the different climate change mitigation effects. In our study, we modeled a life cycle of managed pure stands consisting of the four main tree species in Bavaria (spruce, pine, beech and oak). For spruce and beech, an unmanaged stand was additionally integrated in order to analyze the differences in climate change mitigation effects compared to the managed stands. We developed a climate change mitigation model, where stand development and silvicultural treatments including harvested timber volumes were conducted using the tree growth model Silva 2.3. The harvested wood products (HWP), including their substitution effects were calculated with a subsequent model. For unmanaged beech forests, we compiled measured data from the literature, and Bavarian strict forest reserves for validating our model results. The results for the managed stands reveal that spruce provides the highest total climate change mitigation effects. After a simulation period of 180 years, one hectare leads to a mean mitigation benefit of 13. 44 the other tree species. In that case, the order could change and beech could exceed spruce. Thus the results cannot be seen as a general recommendation to establish spruce stands in order to achieve optimal climate change mitigation benefits. Nevertheless, results for spruce illustrate that high increment and especially wood use in long-lived products is crucial for high climate change mitigation effects. Mitigation effects in unmanaged spruce and beech stands do not differ in the first decades from their managed counterparts, but are below them in the long term with a total climate change mitigation benefit of 8.0 Mg CO 2 ha −1 year −1 and 7.2 Mg CO 2 ha −1 year −1 , respectively. These differences are mainly caused by the missing substitution effects in the unmanaged stands. However, the precise dimensions of substitution effects still remain uncertain and the lack of data should be reduced via additional life cycle assessments for more products and product classes. However, neglecting substitution effects in climate change mitigation models leads to severe underestimations of the mitigation effects in managed forests.
Introduction
On a global scale, forests play a key role in climate change as they accumulate carbon in living forest biomass, deadwood, forest floor and mineral soil. They can act as carbon sinks or sources, depending on the relation of carbon accumulation and carbon loss through decomposition, respiration or harvesting [1, 2] . Due to these effects, forests and forest management are incorporated in the Kyoto Protocol [3, 4] . However, until now, harvested wood products (HWP) have not been considered [5] . Yet as a result of the climate conference in Durban in 2011, HWP are intended to be included in forest carbon accounting in the next commitment period [6] .
Besides the mechanisms of the Kyoto Protocol, in which human-induced carbon sources or removals in nationwide forests or carbon sequestration by Clean Development Mechanism (CDM) or Joint Implementation (JI) forest projects can be accounted for, a voluntary carbon market has been established. The idea of this market is that companies, private persons, or others, contribute financially to climate projects with the aim of compensating their own Greenhouse Gases (GHG) emissions voluntarily. Hence, besides large-scale surveys regarding the contribution of forests to national GHG inventories (e.g., [7] for Germany, [8] for the USA), the interest in the comprehensive climate change mitigation effects of single forest stands, including harvested wood products (HWP) and their benefits in avoiding fossil fuel emissions, increases. A growing number of providers for voluntary afforestation or reforestation projects have appeared in the last few years, but the quantification of all climate change mitigation effects, especially for managed forests, often remains uncertain. In many cases, only the development of the forest biomass is integrated in calculations to quantify the climate change mitigation benefits which are generated within a project. This approach, which solely considers the forest ecosystem, can lead to underestimations because harvested wood has additional climate change mitigation effects [9] .
In general, all climate change mitigation benefits generated by a forest can be summarized by carbon accumulation in living biomass, forest soil and deadwood. In the case of managed forests, additional positive effects can be achieved. The carbon storage can be extended in wood products, especially in long-lived products, thereby substituting other materials which are produced with higher fossil fuel energy input (material substitution). Moreover, fossil fuels can be directly replaced by fuel wood (energy substitution). Both the substitution of energy-intensive materials and fossil fuels lead to less and irreversible GHG emissions [10, 11] . The most important requirement in order to gain all these positive effects in managed forests is the practice of sustainable forest management. If forest management is not sustainable, e.g., if wood is harvested without accounting for rejuvenation, or land use is changed after deforestation, negative climate effects like a less future carbon sequestration in the area can arise. According to e.g., Hofer et al. [12] , it can be concluded that sustainable forest management leads to carbon offset in the forests on the one hand, and avoids GHG emissions by using wood products and fuel wood, on the other. Since the function of forests as carbon sinks and sources is commonly accepted, there exist a plentitude of studies about forests and their role in the carbon cycle on a worldwide or continental level [13, 14] and for managed [15, 16] and unmanaged forests [17] . Furthermore, several studies on a regional [18] [19] [20] [21] or national level [7, 22] which include all climate change mitigation effects (often excluding soil carbon) are available as well as many experimental studies on a stand level [23, 24] . However, the latter only partially contains the wood product sector and substitution effects. Additionally, there are only a few studies which consider the whole life cycle of a forest from planting to the end of the rotation (e.g., [9] ). Comprehensive models including all climate change mitigation effects should be developed in order to have a holistic overview within a defined time period as a base for specific forest climate projects. Furthermore, it has to be ascertained, which tree species create the best benefits regarding climate change mitigation under the same site conditions for different regions or countries.
Additionally, there is in discussion whether unmanaged forests have higher contributions to climate change mitigation than managed forests because of their potential of carbon sequestration in living biomass, deadwood and soil, even in old-growth forests [25] . Depending on the stage of development, and without considering excessive natural disturbances like wind throw or insects, one can deduce that unmanaged forests have positive benefits regarding climate change for at least several decades, or even centuries, as shown in e.g., [17] . The question is: Do managed forests have a higher potential in the long term? Therefore, the aim of the present study was to answer the following questions:
(1) What is the entire contribution of a stand (per hectare) to climate change mitigation within a time period of 180 years? (2) What are the differences between the four main tree species in Bavaria regarding climate change mitigation aspects? (3) Is the contribution of an unmanaged stand to climate change mitigation higher than a managed stand?
For questions (1) and (2), a managed pure stand for each of the four main tree species in Bavaria (beech, oak, spruce and pine) under the same site conditions for the same simulation period was modeled, and all climate change mitigation effects were analyzed. Due to poor parameterization data for unmanaged oak and pine stands, only unmanaged stands of spruce and beech were modeled in order to answer question (3).
Methods
Virtual stands were generated, aiming to describe the development of a whole stand life cycle. All model calculations regarding stand development and timber volume production were conducted using the forest growth model Silva 2.3 [26] . A deadwood and HWP model was developed using Microsoft Excel and, for the summary of all results, STATISTICA 9.1 was used.
Living biomass, deadwood stocks, timber volume and HWP were calculated for each model period (in a five-year time period). Due to the fact that Silva is a statistical model, four model runs over a time period of 180 years were conducted for every stand, where the mean values of the runs for each parameter (e.g., growing stock, harvested timber volume) were taken. After four runs, it can be assured that the variability of the results has been considered. More runs would be too time consuming. The simulation period of 180 years ensures that, for all four tree species, at least one rotation is taken into account. Additionally, our reforestations are based on an area with former forest use and, thereby, constant soil carbon storage is assumed. In order to simplify the calculations and to demonstrate an optimized development, possible disturbances caused for example by insects or windstorms as well as possible changes regarding air temperature or precipitation as a consequence of climate change are not considered in the model but discussed in section 4.
The Modeled Forest Stands
For each of the four main tree species in Bavaria, Common beech (Fagus sylvatica), Sessile oak (Quercus petraea), Norway spruce (Picea abies) and Scots pine (Pinus sylvestris), a pure even-aged stand (one ha) with 5,000 plants (equally distributed) was generated (age: 15 years; dbh: 7 cm; tree height: 7 m). Starting with the same input data for all stands allows a better comparison between the tree species, even if a smaller number of saplings are commonly required to establish, for example, a new spruce forest. All four modeled stands have the same site characteristics: 480 m above sea level, 469 mm precipitation and 14.7 °C mean temperature in the growing season, an average soil moisture and nutrient availability and are without exposition and slope. The site is classified as "Oberbayerisches Tertiärhügelland" (one of the spacious physical forest regions in Bavaria according to the Bavarian State Institute of Forestry). Following these characteristics, a good site quality can be assumed.
At the beginning of the simulation, skidding lines were installed every 25 m at stand age of 15 years in the managed stands. The silvicultural interventions followed established rules (selected tree thinning with a subsequent final cutting) with treatment intervals every five or ten years and different rotations, depending on development stage and tree species, (stand characteristics see Table 1 ): for spruce 100-120 years, pine 120-150 years, beech 130-160 years, and, oak 140-180 years, were assumed (final cutting period). To fulfill the requirements of a sustainable management, an additional regeneration layer (about 5000 trees) was established under the adult tree layer when the final cutting began and the growing stock of the initial generation is meant to be harvested within the next decades. This ensures a continuous change from one generation to the next without having gaps with open field characteristics during the final cutting period or an area without any regrowth at the end of one rotation (see Figure 1) . Figure 1 . The managed beech stand 125 years after planting containing a dominant tree layer and a regeneration layer in the understory. The figure is generated by Silva 2.3.
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As a reference for the beech and spruce stand, a scenario without any treatments during the whole simulation period was modeled in order to illustrate climate change mitigation benefits in an unmanaged even-aged forest. Due to an insufficient database of unmanaged oak and pine stands for the validation of the model results (see section 2.5.), these two species were not considered. In the unmanaged stands, natural mortality, mainly caused by competition between the single trees as described in [26] , is the only factor that reduces the living biomass carbon pool.
Carbon and Biomass Estimation
The modeled growing stock (m³) was converted into total stand biomass (Mg) using our own expansion factors based on tree-specific aboveground biomass equations from [27] and root/shoot factors for belowground biomass from [28] (see Table 2 ). The conversion from biomass into carbon was calculated using the common factor of 0.5, assuming that the carbon content of each tree and tree compartment is similar [29] . For the deadwood pool, the remaining deadwood mass of each period and the same carbon conversion factor of 0.5 were used to estimate the total carbon storage. 
Deadwood Stock Simulation
After tree dieback, carbon is not released immediately into the atmosphere, but stored in deadwood for some time, depending on the specific decomposition rates of each tree species. The decay of deadwood was calculated using a simple exponential first order model (Equation 1) following [30] . In the managed stands, the same equation was used as in the unmanaged stands. The deadwood input consisted of logging residuals and natural mortality. − ³) and k as species specific decay rate using 0.106 for hardwood and 0.053 for softwood [30] . The decay rates used in the model indicate an average decomposition compared to other decay rates found in the literature as they are shown e.g., in [31] .
Timber Volume and Wood Use
Timber volume of each model period is distributed by the mid-diameter of the logs in different assortments (e.g., stem wood or industrial wood). Timber volume is converted into biomass by tree-specific wood densities and enters into the HWP. Carbon input into HWP is influenced by the time of harvesting, the timber volume and the wood use. Carbon output depends on the mean residence time of every single product class. Thus, the total carbon stock in the HWP at time t is calculated by the difference between input and output in every model period.
The residence time for the HWP was estimated by a distributed approach using a Gamma function as described in [32] where the amount of wood leaving the HWP pool in every model period after use was calculated following Equation 2.
with Г(p) as a Gamma distribution function, x as decay and k, θ as parameters of the distribution. The parameters used for the model are presented in Table 3 . For the transition from wood as a raw material to wood in use, the timber volume is classified by lifetime into one of the four defined product classes as shown in Table 3 .
The distribution of the timber volume (stem wood and industrial wood) into wood products, which is the basis for allocating all timber volume into product classes, was carried out according to the "Forestry and wood cluster study" for Bavaria [33] which contains wood material flows for primary wood processing of the year 2006 in Bavaria ( Figure 2 ). Thus, for every model period, the same wood material flow is assumed. The amount of wood which is directly dedicated to fuel wood was derived according to logging statistics for Bavaria for every tree species. Hence, referring to the years 2006/2007, the part of the total harvested wood directly used as fuel wood was 50% for beech, 54% for oak, 17% for spruce and 27% for pine [34, 35] . In contrast to the simple exponential first order model proposed by the IPCC [36] as a default method, the Gamma-distributed decay rate does not depend on the total amount of wood but on the time since entry into the HWP. Long-lived wood products are especially expected not to decompose at a high rate in the first years of use [32] . The difference between the exponential first order model and the Gamma distribution model can be illustrated by the following example: if in the year x, one hundred buildings with a certain amount of wood are constructed, it is likely that, for example, in the year x + 10 almost all one hundred buildings are still in use (if construction errors can be excluded). Using an exponential decay, a certain amount of wood would leave the HWP pool within the first 10 years, while the decay in the first years following a Gamma distribution is almost zero. Removed and remaining fractions with time for each product class are shown in Figure 3 .
Studies about residence time for wood in use are available for different regions or countries, but the results vary widely [37] . Residence times for wood products are still uncertain due to several reasons, such as special socioeconomic aspects, or regional or temporal trends in furniture or in construction [19] . Once a wood product leaves the HWP, it was considered in the model as fuel wood without any further material purposes. Wood flow into landfills is not considered because German regulations regarding used wood prohibit their storage in landfills since 2003. 
Substitution Effects of Wood Use
Climate change mitigation effects of HWP are not only based on carbon storage, but also on substitution effects when wooden products replace materials produced with higher energy input (e.g., steel or concrete) or when the use of fuel wood avoids fossil fuel consumption. Many studies claim that these substitution effects are the main contribution of forest management to climate change mitigation and even more important than the carbon storage itself [38, 39] . However, substitution rates vary a lot between different studies. In case of material substitution, values range from 0.7 Mg CO 2 m −3 [22] to more than 1.0 Mg CO 2 m −3 [40] . Some authors like Sathre and O'Connor [37] found even higher rates within a Meta analysis. One reason for this high variability is that these rates depend on several criteria: On the one hand, wood quality and the type of wood product are important and, on the other hand, substitution rates strongly depend on the specific products the wooden products are compared to [38] . These criteria are influenced by system boundaries, the country-specific consumer behavior, or the time of simulation. Nevertheless, substitution rates should be taken into account in order to avoid severe underestimations of climate change mitigation potential of managed forests. In this study, a conservative approach was defined using 0.7 Mg CO 2 m −3 [22] for material substitution. In case of energy substitution, a rate of 0.675 Mg CO 2 m −3 [4] was assumed. An overview of the whole model approach is shown in Figure 4 . 
Evaluation of the Results for the Unmanaged Beech Stand
The development of biomass and deadwood in Silva simulations for the unmanaged beech stand was evaluated with literature data for comparable unmanaged stands with specified age and data from the unmanaged Bavarian strict forest reserves. The first 135 reserves were installed in 1978 [41] and up to 2012, the number grew to 160 with a total area of 7066 ha. Before management ended, they were all more or less intensively harvested forests. The major parts of the reserves are covered with native tree species in accordance with the site condition. With the designation of a reserve, any intervention is forbidden except safeguard obligation and protection against bark beetle and pests [42] . Permanent representative plots of about one hectare were installed in most of the reserves and DBH over 7 cm of all trees; a sample of tree heights and deadwood are repeatedly measured at most plots. Based on DBH and height, growing stocks (m³ ha −1 ) were calculated and transformed into Mg C ha −1 by expansion factors as described in section 2.2.
Besides age-dependent development of carbon storage in unmanaged forests, questions arise concerning a potential maximum stock of living biomass and deadwood in natural, unmanaged forests within the existing growing conditions in Bavaria. Due to natural mortality, tree-specific age restriction, and competition for light, nutrients and available space, forests are generally restricted in biomass accumulation, and a carbon stock limit is reached within a specific period of time. In order to get an impression of possible maximum carbon stocks, comparable data from studies in temperate, mid-European old-growth forests without age specification were added to the comparison (see references of Figure 9 ). In the present study, beech is being discussed due to its special importance for Bavarian forests.
Results

Carbon Storage in Forest Biomass and Timber Volume in the Managed Stands
In the managed stands, the carbon stock in forest biomass (living biomass and dead wood) vary a great deal between tree species and the moment of simulation ( Figure 5 ). after 135 years. Due to the higher growth potential of spruce in comparison with the other tree species, its highest carbon storage is reached considerably earlier, although it must be noted that highest maximum carbon stock is achieved in beech stand, caused by a longer rotation and the ability to sustain high increment rates of the single tree in older growth stages. The deadwood fraction is generally low in all managed stands compared to the living biomass with the highest amounts of deadwood for spruce after 115 years (7.4 Mg C ha −1 ), for pine after 160 years (8.4 Mg C ha −1 ), for beech after 155 years (9.0 Mg C ha −1 ) and for oak after 170 years (5.4 Mg C ha −1 ).
The mean ratio of deadwood stock to the total forest biomass over the simulation period of 180 years is about 3.7% (3.8 Mg C ha −1 ) for spruce, 4.2% for pine (4.6 Mg C ha −1 ), 3.0% for beech (2.9 Mg C ha −1 ) and 2.3% for oak (2.1 Mg C ha −1 ). The main reason for the lower deadwood fraction of beech and oak is the faster decay rate of hardwood. The general low deadwood amounts in all stands are explained by a low amount of remaining wood after harvesting. Nevertheless, these deadwood amounts are within the range, for example, for managed beech stands reported by [23] and somewhat higher than the mean carbon stock of deadwood in Bavaria (2 Mg C ha −1 ), calculated on the basis of the national forest inventory in 2002 [43] .
To compare carbon sequestration potential, mean annual total increment rates (AIR) can also be regarded, comprising living biomass, deadwood and timber volume. The AIR of beech is clearly lower than spruce after 80 years, but after 180 years on the same level due to higher wood density and a good increment in higher age classes ( Figure 6 ). Thus, it can be assumed that within the whole simulation period of 180 years and under the given silvicultural treatments and same site characteristics, the carbon sequestration potential in beech stands is on the same level as in spruce stands. 
Carbon Storage in HWP and Substitution Effects in the Managed Stands
Highest carbon storage in HWP varies between 113.5 Mg C ha −1 for spruce after 115 years and 54.6 Mg C ha −1 for oak after 170 years ( Figure 5 ). In general, HWP stock increases after planting and decreases at the end of the first rotation when lesser amounts of timber volume enter the HWP-pools.
After the simulation period of 180 years, HWP storage varies between 72. 
Climate Change Mitigation Effects in the Unmanaged Stands
Contrary to managed forests, unmanaged forests generate climate change mitigation effects only by emission compensation with carbon sequestered in living biomass and dead wood. Under the assumption of absent disturbances, carbon storage in total forest biomass is remarkably higher than in managed forests. At the end of the simulation period of 180 years, the carbon storage is 392.0 Mg C ha −1 in the spruce stand and 345.7 Mg C ha −1 in the beech stand ( Figure 7 ). Due to a better growth potential of spruce in the first decades, beech has only 71% of the mitigation effect of spruce after 100 years. After 180 years, the difference decreases and beech has 88% of the mitigation effect of spruce. Unlike in the managed forests, deadwood fraction in the unmanaged forests contributes much more to the whole carbon sequestration in forest biomass. In spruce, 10.3% and in beech, 11.5% of the total carbon stock is stored in deadwood at the end of the simulation period of 180 years ( Figure 7 ). This means that the contribution of deadwood to the total biomass pool is about four times higher than in the managed stands. The differences between managed and unmanaged stands in reference to deadwood is clearer when comparing the total amounts, where after 180 years, carbon storage is 40.4 Mg C ha −1 in spruce stand and 39.7 Mg C ha −1 in beech. Total mean annual mitigation rates vary between 1.95 Mg C ha −1 year −1 for beech and 2.19 Mg C ha −1 year −1 for spruce (Table 4 ).
In the first 60 years, total biomass increment in the unmanaged spruce stand exceeds climate change mitigation effects by wood use and substitution effects in the managed stands (Figure 8) . From the year 80 onwards, the biomass sequestration rate in the unmanaged stand falls below the storage in long-lived HWP and its accompanying substitution effects in the managed stand. In the long term, higher average total climate change mitigation rates can be recognized (3.69 Mg C ha −1 year −1 , 2.19 Mg, respectively). For beech, results are similar after 180 years, although the managed stand has slightly higher benefits from the first year of simulation (Figure 8 ). In contrast to spruce, the differences between the two strategies are minor in the long term due to a less effective wood use of beech where more wood immediately enters the energy sector.
The validation of the living biomass development in the model for the beech stand, where the model results were compared with real measured data from Bavarian strict forest reserves and data from literature for unmanaged stands with age specification (total n = 47) shows that, over the whole 180 years, the modeled carbon stock development is in most cases slightly higher than the measured data ( Figure 9) , indicating that the model does at least not underestimate the carbon stock development. Figure 9 starts in the late pioneer stage with an age of 60 years because younger unmanaged stands are not available. In the first 100 years, the modeled living biomass (red line in Figure 9 ) is in between the scatter of the data from the forest reserves and from other literature. However, with increasing age, the model generates more biomass than most of the measured stands. In general, the carbon stock of the model is rather high due to good growing conditions regarding site quality, and a stock of 300 Mg C ha −1 is reached within the first 140 years of development. After about 140 years, the living biomass stock seems to reach a maximum where biomass increase and decrease changes with time on a high carbon stock level. [44] [45] [46] [47] [48] [49] and the box-plot indicate the mean carbon stock in living biomass of old-growth forests without any age specification with standard deviation (box) and minimum and maximum (whiskers) from the literature [49] [50] [51] [52] [53] [54] .
The literature study regarding old-growth beech forests without any age specification shows a mean carbon stock of 251 Mg C ha −1 (SE = 8.2; SD = 69.8; n = 72) with the highest stocks of 471 Mg C ha −1 (a small area maximum in the optimum phase of Slovakian beech stands according to [53] and a minimum of 125 Mg C ha −1 (Slovakian beech stands according to [52] ) (Figure 9 ).
Discussion
The Model Assumptions
The assumptions in the model are associated with some uncertainties. There is still a lack of knowledge, especially regarding the substitution of energy-intensive materials with wood products and therefore reliable substitution factors. For construction wood, substitution factors from the literature for material purposes vary widely between 0.7 t CO 2 m −3 [22] and more than 1.0 t CO 2 m −3 [40] . Sometimes even higher factors are reported, for example in [37] , which confirms the existing uncertainties in this issue. However, if substitution effects are not considered in the calculations, climate change mitigation benefits would be strongly underestimated for managed forests. Substitution mainly depends on the comparison between different products within a certain product type. By using life-cycle assessments for products, energy input or GHG emissions can be detected over the whole life span of a single (wood) product [55, 56] . However, further studies should diminish uncertainties regarding substitution effects of wood use with e.g., Carbon Footprint techniques. In addition, consumer behavior and new technologies can change the use of wood in the future. Therefore, wood material flow could be different from period to period, which would lead to different climate change mitigation effects. Disturbances which are not included in the simulations can strongly influence the results. Possible effects of disturbances are discussed in section 4.5.
Another important simplification is that possible changes in growth rates due to climate change are not considered in the model. In Bavaria, spruce especially will be affected in the future due to a high sensitivity to changes in temperature [57] . However, climate change impacts are still not well known, and some sites could even be more appropriate in the future than today, e.g., in higher elevated sites of the Bavarian Alps. Thus, climate change will not lead automatically to worse growing conditions in all parts of Bavaria. Although there are still regions with or without small to medium risks, spruce will widely be endangered [58] and future spruce forests are likely to be reduced to much smaller areas. Our results assuming best climate change mitigation effects of spruce compared to the other main species in Bavaria is only valuable for sites which are still suitable for spruce and without limitations in temperature and precipitation in the future.
Climate Change Mitigation Effects in the Managed Stands
Forest management has several effects on carbon mitigation: early thinnings with the focus on the upper canopy increase single trees as well as stand stability [59] , and decrease the risk of carbon losses due to natural hazards, especially wind throw [60] . Thinnings from above remove higher stem volumes and allow wood products with longer mean resistance times (MRT) [19] . Tree dimension and MRT of wood products also increase with the length of rotation. Simultaneously, however, high trees and large growing stocks raise the risk of mortality and wind throw, especially for spruce [61, 62] . In contrast, shorter rotations for biomass production and direct energy use lead to minor mitigation effects [63] . Long-term regeneration by shelterwood systems avoid erosion and soil carbon losses and enable the establishment of uneven-aged stands with the highest stability [64] [65] [66] . Finally, forest management enables early selection of tree species adapted to climate change, thereby increasing tree resistance against climate extremes [67] .
Our model simulations of managed stands followed best silvicultural practice rules for Bavarian state forests, aiming at stable and productive stands. Differences in the tree species' specific risks were not considered. Especially the single-tree survival probability of spruce decreases markedly after 100 years [61, 62] . To maximize climate change mitigation effects, silvicultural strategies with optimized tree species composition, rotation length and harvesting intervals have to be developed.
Climate Change Mitigation Effects in the Unmanaged Stands
Following old-growth phases defined by [17] , our 180-year simulation ends just before the early old-growth stage starts. It is not clear whether the relation between living biomass increment and mortality lead to further increase or decrease, especially when the stand enters the late old-growth stadium after about 400 years. Although Silva parameter values are derived from a large dataset with good biological plausibility regarding the model assumptions [26] , unmanaged stands older than 180 years are rare and not involved in the model calibration and, therefore, the accuracy for unmanaged stands older than 180 years is surely lower than in younger stands.
The comparison of the model carbon stock in living biomass with carbon stocks from old-growth forests shows that a maximum could be reached after 150 years in the model regarding the high stock of about 300 Mg C ha −1 . At this time, annual mortality is merely compensated by annual increment rates.
The mean of the old-growth living carbon stocks considered in this study is 251 Mg C ha −1 , which could perhaps be seen as an overall maximum mean carbon stock for larger beech-dominated forest areas. There is no doubt that forest stands are able to hold much higher carbon stocks on a small scale, as the analyzed literature shows, but to derive possible maximum carbon stocks for larger areas, carbon stocks for different site qualities and, in particular, for different development stages need to be included. The highest old-growth carbon stocks were found in a magnitude of 470 Mg C ha −1 which means a growing stock of about 1300 m 3 ha −1 . These stocks could be seen as very high and possible upper limit for beech stands [54] . Mund and Schulze [23] conducted a similar study (in parts with the same literature sources) where carbon stocks between 75 Mg C ha −1 (stands with less favorable site conditions) and more than 300 Mg C ha −1 (favorable site conditions) were shown for beech-dominated unmanaged stands and primary forests. Their findings are consistent with our findings regarding biomass stocks in unmanaged beech stands (see Figure 9) , and an overall maximum mean carbon stock in living biomass of about 250 to 300 Mg C ha −1 for middle-European beech-dominated forests for larger areas could be estimated, especially for site conditions in Bavaria (which are predominantly favorable regarding soil quality or climatic characteristics). Modeled deadwood carbon stocks for beech are higher than most results from the literature. The reasons for this might be that the decay rates applied in this study are too low, or that the definition of deadwood differs in the studies from literature. All deadwood >7 cm DBH is considered in the model, whereas often only >20 cm DBH is measured as, for example, in the national German forest inventory from 2002 [68] . Furthermore, the modeled deadwood stocks contain all dead wood biomass, including amounts with advanced decay which usually cannot be measured directly in the forest. A literature review from [23] gives deadwood stocks in unmanaged German beech forests between 1.4 and 30. 
Comparison between Managed and Unmanaged Stands
As a result of our study, and as described in other studies (e.g., [70] ), carbon sequestration in biomass and HWP in managed stands does not reach the biomass sequestration of unmanaged stands, mainly due to wood-use regimes where especially hardwood is often used for energy purposes or for wood products with a short life span. Nevertheless, in the long term, managed beech and spruce forests have higher total climate change mitigation benefits, which are basically caused by their substitution effects, and less by the in situ carbon storage in forest and wood products. However, facing climate change, wood use can especially contribute to the reduction of fossil raw material.
To our knowledge, other studies comparing managed and unmanaged strategies on a stand level, including all possible effects, are rare. Köhl et al. [4] conclude that unmanaged stands have minor total climate change mitigation effects than managed stands, which is in accordance with our findings. In addition, Hennigar et al. [9] confirm the importance of including wood products into the carbon calculations for forests, where maximizing wood products and substitution results in higher total carbon effects than maximizing forest carbon. There exist some studies on a regional and national level with modeled mitigation effects ongoing from an actual state of the forests, including forest biomass and HWP as shown in e.g., [71] for Thuringia or [12] for Switzerland. Both studies show that a sustainable management with efficient wood use should be favored regarding total climate change mitigation benefits in comparison with a low-intensity management or without management. However, all forest carbon pools as well as every HWP pool depends on the relation between input and output. With increasing size, each pool tends to reach a maximum storage with no further climate change mitigation effects at a certain moment. Even substitution effects end if fossil fuels are completely replaced by renewable energies without GHG emissions. Generally, the source of energy has to be considered if climate change mitigation effects, especially substitution effects, of forests for entire regions are calculated and the actual energy mix of the respective region has to be taken into account.
Possible Effects of Disturbances on the Results
Disturbances like wind throw, snow breakage and insects can influence the comparison between tree species and between managed and unmanaged stands. Especially pure spruce stands are very vulnerable to natural hazards. It is not very likely that unmanaged spruce stands reach the age of 180 years without any damage. Höllerl and Bork [60] calculated the influence of calamities on the mitigation effects of 120-year-old pure spruce stands. They found that, depending on the hazard risk and the intensity of salvage logging, disturbances reduce climate change mitigation effects of managed stands by 2.5% to 13%. In the worst case, the reduction can be 5% to 26%. In unmanaged stands, the negative effect of disturbances can even be higher. The reduction varies between 2.7% and 20.8% on average, in the worst-case scenario between 5.5% and 41.5%. Transferred to the results showed in Figure 8 , disturbances would increase the difference between managed and unmanaged spruce stands. Assuming the worst-case scenarios of Höllerl and Bork [60] , and assuming that beech is not affected by hazards, disturbances could even change the comparison results of spruce and beech. In this case, the mitigation effects of a spruce stand could be lower as the mitigation effects of a beech stand.
Soil Carbon Sequestration
Soil organic carbon was not considered in our model. We assume a reforestation on former forest land with constant soil carbon storage or afforestation with the same initial carbon losses after land-use change [72, 73] for the different tree species. In the modeled period of 180 years, climate and general soil properties remain the same, but tree species and management could influence litterfall, rhizodeposition and wood residues related to thinning or mortality on the input side and the biotic and abiotic factors for decomposition of soil organic matter on the output side. Hence, differences in soil carbon accumulation are expectable, even if the direction of changes caused by tree species and management are discussed controversially [74] . Spruce tend to accumulate more carbon in the forest floor than beech [75] , thereby likely increasing their climate change mitigation effect. Soil carbon decrease generated by forest harvesting mostly appears within the first years after intervention, but long term negative effects in sustainable forest regimes are rarely detected (e.g., [76] [77] [78] ), especially mineral soil layers are significantly not negatively affected [79] .
Our own analysis based on a soil inventory (second German Soil Condition Survey) with 372 systematically distributed samples in Bavaria did not reveal any significant relations between stand age, growing stock, and carbon stocks in forest soils, which also confirms the assumption of constant carbon stocks in sustainable managed forests. Significant differences were only detected between tree species (hardwood vs. softwood) in the forest floor, but down to a depth of 100 cm, these total soil carbon stock differences are less than 10%. Moreover, in our model, intensive harvesting periods with high timber volume followed by changes in light availability or other microclimatic changes which could lead to an enhanced microbiological decomposition and a subsequent long-term carbon release were not conducted.
Various carbon models show nearly constant soil carbon stocks, as for example in Hennigar et al. [9] , where modeling over a period of 200 years results in a constant soil carbon stock of about 150 Mg ha −1 in different management regimes. Results from another carbon stock model as described in [63] also indicate a nearly constant soil carbon stock in managed beech and spruce stands over 300 years. Therefore, under a sustainable forest management, the assumption of negligible changes in soil carbon stock over the whole model period seems to be justifiable, especially compared to the dimension of climate change mitigation benefits of biomass increment, wood use and substitution of fossil fuels. For unmanaged forest soils, some studies report generally higher carbon stocks than in managed forests (e.g., [80] ). Others show the potential to sequester carbon even in older life stages [81] although the results differ from carbon sink to carbon source between the single study sites and a clear trend is not shown. Luyssaert et al. [25] report a mean annual old-growth sequestration rate of 1.3 ± 0.8 Mg C ha −1 year −1 in roots and soil organic matter. In contrast, Schlesinger [82] report a long-term average organic carbon accumulation in forest soils of only 0.007 to 0.12 Mg C ha −1 year −1 derived from carbon stocks developed in several thousand years on new land surfaces with little or no organic matter after glacier retreat or volcanic eruption. However, it is still intensively in discussion, if there will be a theoretic steady state of soil carbon storage [83] . Due to our model simulation time period of 180 years, old-growth stadium is still not reached, and negligible soil carbon stock changes seems to be tolerable.
Conclusions
Analyzing the annual climate change mitigation benefits of the different tree species in the managed stands over an simulation period of 180 years, it can be stated that, depending on the tree species, one hectare forest on a site with good growing conditions compensates the annual emissions of about 1-2 persons, referring to the actual (2009) energy-related average GHG-emission rate for Bavaria of about 6.5 Mg CO 2 year −1 per person [84] . Excluding excessive disturbances, mitigation effects rank with spruce > beech > pine > oak. However, these results assume current growing conditions. Considering climate change and natural calamities, it is very likely that spruce will not be suitable in several regions of Bavaria in the future. Furthermore, excessive disturbances could affect spruce harder than the other tree species. In that case, the order could change and beech could exceed spruce. So the results cannot be seen as general recommendation to establish spruce stands in order to achieve optimal climate change mitigation benefits. Effective wood use in products with long life spans and their simultaneous substitution effects are crucial for high climate change mitigation effects. Especially for hardwood, a high part of timber volume enters immediately the energy sector in Bavaria and wood use should be optimized. Regarding climate change mitigation aspects, wood use in cascades with long-term carbon storage in products and simultaneous material substitution effects, and a subsequent final energy use with energy substitution effects, should be favored. The use of wood in cascades enables the joining of all possible climate change mitigation effects. In contrast, wood use only for energy leads to an insufficient utilization of wood, especially if wood assortments are adequate for other material purposes. Therefore, new wood product technology, as described for example in [85] , should be applied to improve wood use and enhance total climate change mitigation effects. The importance of substitution effects increases with time. In the long term, the avoidance of emissions via wood use becomes the most important climate change mitigation factor. The reason is that forest biomass, as well as harvested wood products (HWP), have upper storage limits which depend on individual treatment regimes and HPW-input and -output rates. In contrast, when a substitution effect appears, this effect cannot be lost over time as long as a significant amount of fossil fuel and raw materials are used. However, substitution effects can only be accounted for if leakage effects do not appear and the saved energy is not used elsewhere, e.g., in less efficient process technologies. Unmanaged forests also contribute to climate change mitigation and the differences compared to the managed stands are not significant in the first decades. In the long term, unmanaged forests have smaller climate change mitigation effects than managed forests, if (I) a sustainable management is assumed, and (II) the forested area remains forest in the long term without any long-lasting carbon losses in soil carbon, and (III) the harvested wood is used efficiently. Hence, the decision if a forest area should be converted into a forest reserve does not depend mainly on climate change mitigation aspects. Other factors, including biodiversity, the demand for wood or further ecosystem services, should be taken into account. However, due to the long European settlement and land-use history, stands in a late old-growth stadium are rare, the database regarding unmanaged forests in central Europe is still poor, and long simulation periods are needed to understand carbon dynamics in living biomass and deadwood over the long term. Moreover, the behavior of soil carbon in unmanaged forests is still not clear. Although slight trends towards carbon sequestration with increasing stand age are shown in various studies, a general trend is not manifested.
Our results show that climate change mitigation effects of single stands vary over the years. Hence, climate change mitigation rates of every tree species are dynamic and change with the length of the simulation period and the specific point of time when the climate change mitigation effects are estimated. Also, different harvesting schedules or silvicultural treatments could change the comparison results for the different tree species. The importance of substitution effects increase with time due to irreversible benefits while carbon sequestration in biomass and wood products denote only temporal climate change mitigation effects.
